The subducted old and cold Pacific Plate beneath the young Philippine Sea Plate at the Izu-Bonin trench over the Cenozoic hosts regional deep earthquakes. We investigate slab morphology and stress regimes under different trench motion histories with mantle convection models. Viscosity, temperature, and deviatoric stress are inherently heterogeneous within the slab, which we link to the occurrence of isolated earthquakes. Models expand on previous suggestions that observed slab morphology variations along the Izu-Bonin subduction zone, exhibited as shallow slab dip angles in the north and steeper dip angles in the south, are mainly due to variations in the rate of trench retreat from the north (where it is fast) to the south (where it is slow). Geodynamic models consistent with the regional plate tectonics, including oceanic plate age, plate convergence rate, and trench motion history, reproduce the seismologically-observed principal stress direction and slab morphology. We suggest that the isolated ~680 km deep, May 30, 2015 M w 7.9 Bonin Islands earthquake, which lies east of the well-defined Benioff zone and has its principal compressional stress direction oriented towards the tip of the previously-defined Benioff zone, can be explained by Pacific slab buckling in response to the slow trench retreat.
trench location is fixed or has a minor retreat with respect to the lower mantle, the slab is more prone to buckle and penetrate into the lower mantle [Christensen, 1996; Čížková and Bina, 2013] . Although substantial uncertainty exists in the reconstruction of the Philippine Sea Plate region, since it is mostly surrounded by subduction zones, several reconstructions suggest that the northern part of the IBSZ had significant retreat since the Oligocene (~30 Ma) while southern part of the IBSZ segment had much less retreat during the same period [Hall, 2002; Miller et al., 2006; Faccenna et al., 2009; Von Hagke et al., 2016; Wu et al., 2016] .
We use geodynamic models to investigate slab morphology, temperature, stress regimes and their evolution under different trench motion histories. Models expand on previous suggestions that trench motion difference along the IBSZ is the major contribution to the observed slab structure and deep earthquake variations [van der Hilst and Seno, 1993] . We demonstrate that models consistent with regional plate tectonics can reproduce the observed slab morphology and deep earthquake P-axis directions (assumed to be the principal compressional stress directions) regionally. We suggest the location of the isolated 2015
Bonin Islands deep earthquake can be explained by the buckling of the Pacific slab beneath the Bonin Islands.
We develop a model of plate subduction within a two-dimensional Cartesian geometry and investigate the influences of trench motion history on slab morphology and stress distribution. The equations governing mantle flow with prescribed initial and boundary conditions are solved with the finite element method using Citcom Zhong, 2006; Leng and Zhong, 2008] . The model domain is set as 2890 km in depth (from Earth's surface to CMB) and 5780 km in width and is divided into 832 equally spaced elements in the horizontal direction (element size 6.95 km) and into 192 uneven elements in the vertical direction. The vertical element size is 5 km in the uppermost mantle and gradually increases to 39.38 km in the lowermost mantle.
The surface is divided into two plates with the right old oceanic plate subducts beneath the left young oceanic plate at X=3800 km (Fig. S1 ). The initial temperature field is based on a half-space cooling model (Fig. S1b, c) . The non-dimensional temperature boundary conditions at the top and bottom boundaries are 0 and 1. In contrast to fully dynamic models [Zhong and Gurnis, 1995; , the surface plates and trench motions are prescribed [Christensen, 1996] so that we can control these factors and investigate their influence on slab morphology and stress distribution. The velocity of trench retreat is set to the overriding plate velocity.
The viscosity is a composite of dislocation and diffusion creep and depends on depth, temperature and strain rate [Zhong and Gurnis, 1995; : For simplicity, the non-dimensional activation energy of dislocation creep is set to the same as the value for diffusion creep. Thus, the dislocation viscosity can be expressed as: 
In the lower mantle, n is 1 so the lower mantle flow is within the diffusion creep regime. Above 660 km depth, n is 3.5 so the dislocation creep viscosity is strongly non-linear. To avoid problems with numerical convergence in response to the imposed surface velocity, n is set 1 for the top 20 km.
The olivine to spinel phase transition at 410 km and the spinel to perovskite + magnoustite phase transition at 660 km depth are incorporated. The relative density increase at these boundaries is based on PREM [Dziewonski and Anderson, 1981] . The Clapeyron slope for the 410 km and 660 km discontinuities are set to 3.0 MPa/K and -1.5 MPa/K, respectively [Akaogi, 2007; Tauzin and Ricard, 2014] . When the temperature is low, the Olivine-spinel phase transition may be delayed, forming a "metastable olivine wedge" [Kirby et al., 1996] . Metastable olivine is incorporated as it may be important for deep earthquake generation [Kirby et al., 1996; Frohlich, 2006; Zhan, 2017] . The setup of the metastable olivine follows previous studies [Schmeling et al., 1999; . Constant parameters used in this paper are listed in Table S1 [Chopelas and Boehler, 1992] .
Results
In the reference model Case 1 (Table S2, Myr, when the slab reaches and interacts with the 660 km discontinuity, the slab dip angle is shallow and the slab flattens at ~500 km and extends westward for several hundred kilometers before it descends again to the bottom of the mantle transition zone. Before the slab reaches the 660 km discontinuity, the principle compressional stress direction at intermediate depths (~200 to ~400 km depth) is mainly perpendicular to the slab surface while when the slab reaches the 660 km discontinuity and becomes deflected, along-dip compression gradually develops at intermediate depth within the slab (Fig. 2a , Video S1), consistent with previous observations and models [Isacks and Molnar, 1971; Vassiliou et al., 1984; Gurnis and Hager, 1988; Alpert et al., 2010] . The buckling and folding of the slab produce large stress inside the slab, consistent with previous deep earthquake distribution observations [Myhill, 2012] . Due to the buckling and folding of the slab above the 660 km discontinuity, the phase boundary beneath the slab is not flat, consistent with recent seismic observations [Gu et al., 2012] and suggests that the stagnant part of the subducted Pacific plate may not be flat but have small scale perturbations. At 16, 21 and 24 Myrs, the shallow slab dip angle, flattened slab at ~500 km and principal stress direction are generally consistent with the seismologic observations at the northern section of the IBSZ (Fig. 1b, c) .
The parameters for reference model Case 2 (Table S2 , Fig. 2b ) are the same as Case 1, except that the trench retreats at a smaller, 1 cm/yr, velocity. Similar to Case 1, the slab temperature, effective viscosity, and stress are heterogeneous and evolve with time (Fig. 2b) .
Before the slab impinges upon the 660 km discontinuity, the slab dip angle, slab morphology, and principal stress direction within the slab are similar to that of Case 1. However, the slab the slightly westward extension of the slab at ~550 km depth, are similar to seismic observations at the southern section of the IBSZ (Fig. 1) . The slab curves toward the subducting plate direction with its principal compressional stress direction oriented toward the slab. We link this slab buckling to the isolated 680 km depth Bonin Islands earthquake that lies eastward of the regionally well-defined Benioff zone and has a principal compressional stress pointing toward the pre-defined Benioff zone tip. Although the low temperature, high viscous slab core (represented by the 0.6 temperature contour) has complex buckling within the transition zone, the cold slab (represented by the 0.8 temperature contour, which is 270 °C lower than the surrounding mantle) may only demonstrate a simple geometry (Fig. 2b) in smooth tomography models, with the May 30 2015 Bonin Islands earthquake apparently striking at the heel of the shoe-like cold slab [Takemura et al., 2016; Obayashi et al., 2017] .
Although we do not seek a point-by-point comparison, the general consistency between the simple 2D geodynamic models Case 1, 2 and the seismic observations along the IBSZ (Fig. 1) is encouraging. We further investigate the influence of recent trench advance [Hall, 2002; Faccenna et al., 2009] on slab morphology and stress state. Case 3 and Case 4 refer to Case 1 and Case 2 respectively, but the trench motion reverse from retreat to a 1 cm/yr advance between 20 and 25 Myrs (Table S2 ). The change of the trench motion from retreat to advance mainly increases the slab dip angle (Fig. 2c, d ), making models more consistent with seismological observations (Fig. 1b-e) .
To investigate the influence of the nonlinear viscosity on slab dynamics, we conducted two models, Case 5 and Case 6 (Fig. 3) . These two models have the same physical parameters as Case 1 and Case 2, except that only the linear viscosity is considered. The slabs in these linear viscosity models have very high effective viscosity and less buckling (Fig. 3a, b) .
Neither the observed slab morphology nor stress directions are reproduced by these pure linear viscosity models, suggesting that non-linear viscosity is important in reproducing the observed slab heterogeneity and stress directions. Compared to Case 5 and Case 6, we reduced the activation energy substantially in Case 7 and Case 8 (Fig. 3c, d , Table S2 ). These two weak slab models reproduce the observed slab morphology and stress directions to first order. However, reducing the activation energy in Case 7 and Case 8 greatly reduces the slab viscosity and stress in the flattened section of the slab and may hinder deep earthquake generations there.
Due to the uncertainty in plate reconstruction, we investigated different subducting plate velocity in Case 9-12. Increasing the plate subduction velocity from 6 cm/yr in Case 1, 2 to 8 cm/yr in Case 9, 11 increases the amount of the cold slab embedded into the mantle and increases the degree of slab buckling (Fig. 4a, c) . In contrast, reducing the plate subduction velocity to 4 cm/yr in Case 10, 12 reduces the amount of the cold slab material embedded into the mantle and reduces the degree of slab buckling (Fig. 4b, d ). However, the slab dip angle at shallow depth and principal stress directions are not significantly influenced by subducting plate velocity.
The subducting and overriding plate ages evolve with time, so we investigated the influence of plate ages on slab morphology and stress direction (Case 13-15, Fig. 4e-g ).
Reducing the overriding plate age from 20 Myrs in Case 2 to 0 Myrs in Case 13 increases the slab dip angle and reduces the slab temperature with a large metastable olivine wedge developing inside the slab (Fig. 4e) . In contrast, increasing the overriding plate age from 20
Myrs in Case 2 to 60 Myrs in Case 14 reduces the slab dip angle moderately (Fig. 4f) , consistent with previous studies [Rodríguez-González et al., 2012] . Reducing the subducting plate age from 120 Myrs in Case 2 to 60 Myrs in Case 15 significantly increases the slab temperature, reduces the stress within the slab, and hinders the generation of deep earthquakes. Influences of other physical parameters (activation energy, viscosity jump across the 660 km discontinuity, metastable olivine transitional temperature and mantle convection Rayleigh number) on slab morphology, temperature and stress distributions can be found in the supplementary material.
We investigated the influence of trench motion velocity on slab morphology and link it with the observed slab morphology variation along the Izu-Bonin subduction zone.
Investigations confirm previous suggestions that trench retreat velocity is a key factor influencing slab dynamics [Christensen, 1996; Schellart, 2005; Čížková and Bina, 2013] . The slab often lies horizontally within the transition zone when the trench retreats rapidly while folding and buckling when the trench retreats slowly [Christensen, 1996; Schellart, 2005; Faccenna et al., 2009; Čížková and Bina, 2013; Agrusta et al., 2017] . Comparisons between Case 1, 2 and seismic observations suggest that the observed slab morphology variations along the Izu-Bonin subduction zone can be explained by a southward reduction in the trench retreat rate [van der Hilst and Seno, 1993] . However, self-consistent dynamic models accounting for time-varying trench motion history [Faccenna et al., 2009; Čížková and Bina, 2015; are needed in the future.
Zhao et al.
[2017] suggested a simple slab geometry with the Pacific slab penetrating into the lower mantle without buckling based on their P-wave tomography. In contrast, we suggest slab buckling as the explanation for the 2015 Bonin Islands deep earthquake location and principal stress direction. The horizontal width of the continuous buckling section is usually less than ~300 km in our slow slab retreat models (Fig. 2b, d, Fig. 4 ), not inconsistent with tomography results [Zhao et al., 2017] . Although the slightly westward flattening of the Benioff zone (Fig. 1d) gives some support for slab buckling, more seismic investigations in regions around the 2015 Bonin Islands earthquake is needed to test the slab buckling model.
Deep earthquakes are often regarded as occurring within the cold core of the subducted slabs [Kirby et al., 1996; Frohlich, 2006] , delineating Benioff zones. However, there are occasionally some isolated deep earthquakes that are not obviously connected with any known Benioff zones, although in tomographic images, they may lie within high seismic-velocity regions [Engdahl et al., 1995] . The mechanism for the formation of these isolated deep events is unclear. We suggest that the slab is essentially heterogeneous and isolated deep earthquakes may lie within some isolated cold, strong and high-stress blocks that are connected with Benioff zones with high temperature and low viscosity (but may be still colder and more viscous than the surrounding mantle) belts. Although the stress within the isolated blocks is usually low (e.g., Fig. 2a after 10 Myrs), it may also be high in some cases (e.g., Fig. 4e, S2d) , providing a natural explanation for the small number of isolated deep earthquakes. Although our models demonstrate the inherent heterogeneity within the subducted slabs, we suggest that the slab heterogeneity would be more obvious when ultra-high resolution [Garel et al., 2014] and more realistic rheology are considered.
Our investigation suggests that nonlinear viscosity plays key roles in reproducing the slab heterogeneity and observed stress direction. When only the linear viscosity is considered, the slab morphology and stress direction can only be reproduced by reducing the slab viscosity (activation energy), potentially at least partly explaining the low activation energy and weak slabs previously inferred .
Due to the inverse relationship between strain rate (velocity gradient) and viscosity, the high effective viscosity and stress usually correspond to low strain rate. This appears to be contradicted by the occurrence of shallow earthquakes in regions with large strain rates (e.g., plate margins). We suggest that the low strain rate only acts to keep the slab as low temperature and high viscosity in the transition zone, while other processes, e.g., transformational faulting, dehydration embrittlement, or shear thermal instability [Frohlich, 2006] , act to trigger the deep earthquakes at time scales of seconds to minutes.
Our preliminary investigations demonstrate that geodynamic models consistent with regional plate reconstructions can reproduce the observed slab stress and morphology variations along the Izu-Bonin subduction zone, suggesting that plate tectonics and mantle flow over the past tens of million years controls slab morphology, stress, temperature distributions and the location and focal mechanism of deep earthquakes in this region.
Subduction is essentially 3D with rapid along-trench variations in the Izu-Bonin-Mariana subduction zone (Fig. 1) . P-wave tomography suggests that the Pacific Plate splits at ~ 28°N, slightly north of the 2015 Bonin Islands earthquake [Zhao et al., 2017] . That our 2D models can reproduce the observed slab morphology and stress distribution to the first order suggest that slab tear has limited influences on deep earthquakes (including the 2015 Bonin Islands earthquake) in this region. However, 3D mantle convection models are needed in the future to (e-g), varying the overriding and subducting plate age relative to the reference model Case 2.
The parameters of the reference models are labeled at bottom-right. The varied parameters of each model relative to the reference models are labeled above each subfigure.
